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The size and shape of a surfactant aggregate could be altered by
using supersaturation like in crystal growth, rather than applying
common laws that drive surfactant aggregate formation.
Surfactant assemblies display a large variety of morphologies
with diﬀerent shapes and sizes, such as micelles, vesicles, rods,
tubules and sheets.1–3 As several of such assemblies are
promising as materials for various biomedical applications,4
it is important to obtain control over the morphology and the
dimensions of these self-assembled objects.5 The use of
mechanical forces,6 the mixing of diﬀerent surfactants,7 or
the use of additives8 have been applied to achieve morpho-
logical control over the resulting architectures. In the absence
of strong intermolecular forces the aggregate morphology can
be predicted from the molecular structure using the postulates
of Israelachvili.2 However, when speciﬁc supramolecular
interactions such as hydrogen bonds are involved the factors
determining the size and shape of the assembly are not fully
understood.
Previously, we introduced a bis-ureido based surfactant 1,
which, due to strong directional hydrogen bonding inter-
actions, forms well-deﬁned highly ordered ribbon-like aggregates
in water.9 These aggregates had a thickness of 6 nm, widths of
70  20 nm and lengths in the micrometre regimey with almost
no variation in width over the entire length of a single ribbon.
Here we show that due to a combination of hydrophobic
forces and strong directional hydrogen bonding interactions
the assemblies of 1 do not behave like a micellar system, but in
fact are 2D crystal-like structures. The formation of ribbons
and tubes of diﬀerent shapes and sizes is known for e.g.
phospholipids and gemini-surfactants, however control over
the shape and size has been only reported by variations
in molecular structure or by changing the ratio of mixed
surfactant systems.10 In the system discussed here we tune
the size and morphology of the aggregates only by changing
the supersaturation of the solution. In addition two diﬀerent
modes of assembly could be discerned.
Aggregates of surfactant 1 were prepared by heating an
aqueous suspension to 90 1C and subsequent cooling to RT
yielding a viscous, milky suspension. Cryo-TEM investigation
showed that upon increasing the concentration from 0.25 to
10 mg ml1 the width of the ribbons in freshly prepared
solutions decreased (Fig. 1). In addition, as the widths of the
ribbons decreased, the corresponding size distribution also
became narrower. This contrasts the behavior generally
observed for micellar systems, in which the size of the aggre-
gates and their size distribution increases when the concentra-
tion is increased.2 In fact, the observed narrowing of the
ribbons formed at higher concentration shows an analogy
to crystal growth, with a higher nucleation rate at higher
surfactant concentrations resulting in a smaller average width
and, concomitantly, a narrower size distribution.
These results triggered us to investigate the degree of tuning
that can be obtained when this surfactant system is treated as a
crystal rather than a surfactant aggregate. We assumed that
these aggregates can grow in time like a crystal, rather than be
formed immediately like in micellar- and vesicile-like system.
Fig. 1 (A) Plot of the ribbon width vs. the surfactant concentration
(a: 0.25, b: 0.5, c: 1.0, d: 2.5, e: 5.0, f: 10.0 mg ml1). (B) Cryo-TEM
examples of conc. b and d, clearly indicating width narrowing; scale
bars 500 nm.
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An assembly mechanism similar to that found in crystal
growth implies a dense 2-dimensional crystal-like packing
of the surfactant molecules. Previously,9 we described the
structure of the aggregates of 1 as ribbons consisting of an
interdigitated double layer of close-packed surfactant molecules
that are interconnected by chains of hydrogen bonds running
along the length of the ribbon. With additional structural
information we have reﬁned this structure (see ESIw).
We speculated that, by allowing the ribbon aggregates to
grow more slowly, the growth in the fastest growing direction
(along the y-axis) would be most aﬀected, thereby resulting in
aggregates with a smaller aspect ratio (a.r.: length/width) and
thus not only controlling their width, as could be achieved
when changing the concentration, but also their length. To this
end we studied the development of the aggregates just below
the formation temperature 70 1C (see ESIw).
The growth of aggregates was performed using 0.25 mg ml1
surfactant solution which was prepared above the formation
temperature in a closed vial by heating to 90 1C. Subsequently,
the aggregates were allowed to grow by keeping the solution at
65 1C for 1 week. AFM and TEM showed the formation of
faceted 6 nm thick crystal-like aggregates whose average
aspect ratio was 2.5; a dramatic decrease compared to the
ribbons grown at room temperature (a.r. 4 50). Irrespective
of their size almost all of these aggregates showed faceted top
ends with an average top angle of 1251 (N = 80) reﬂecting
their organization on a molecular level (see ESIw for more
detail).
In order to further investigate the level of tuning that can be
achieved over the aspect ratios, the aggregates were grown at
diﬀerent temperatures between 25 and 68 1C. Strikingly, the
aggregates formed below 55 1C were all ribbons (i.e. aggregates
with a.r. 4 50), whereas those formed at higher temperatures
displayed crystal-like morphologies. The high lengths of the
ribbons caused gelation of the samples, and hampered the
accurate determination of their aspect ratios.
Nevertheless a decrease in ribbon length was apparent for
those that were grown at higher temperatures (between 45–55 1C).
For the aggregates grown at temperatures 455 1C a clear
decrease in length was observed at increasing temperatures
and, interestingly, also the distribution in lengths became
smaller at higher temperature. In contrast, no proportional
eﬀect was observed on the widths of the aggregates, which
varied between 200 and 850 nm at all temperatures (Fig. 2A
and C). The apparent decrease in aspect ratio of the aggregates
found at higher temperatures is therefore mostly due to a
decrease in length. The faceted top ends were found to be
present for all crystal-like aggregates, but the 1251 angles were
better deﬁned for those grown at the highest temperatures.
Close examination of many top ends from ribbons grown
at the lower temperatures, where the ribbon morphology
dominates, revealed slanted, rounded, fragmented and
unﬁnished ends. In addition, in some cases dendritic and
dagger-shaped structures were observed (Fig. 3).
The change in morphology and the formation of facets
indicate a diﬀerent growth mechanism at higher temperatures
compared to the one at lower temperatures by which ribbons
are formed. To investigate this further, ﬁrst the thermal
behavior was analysed in detail.
Fig. 2 (A) Box-whisker plot of the length and width distribution of
the 2-D crystal-like morphology as a function of temperature (for each
temperature N 4 100). (B) Same as A only as a function of
concentration (for each concentration N4 100). (C)/(D) Corresponding
representative AFM\TEM images of A and B.
Fig. 3 Variety of top-end morphology: (A) faceted, (B) strait,
(C) needle and dendritic, (D) crystal-lattice/-planes.
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Diﬀerential scanning calorimetry (DSC) of a concentrated
gel (12.8 mg ml1) showed two endotherms: a small
0.34 kJ mol1 peak (onset at 67.7 1C, max. 69.5 1C) and a
larger 2.24 kJ mol1 peak (onset 72.9 1C, max. 75.6 1C).
These endotherms are tentatively attributed to the melting of
the alkyl tail segment followed by the total disintegration of
the ribbon aggregates and inter-molecular hydrogen bond
breakage. VT-IR spectroscopy showed no signiﬁcant changes
in the CH2 symmetric (2849 cm
1) and asymmetric
(2921 cm1) stretch vibrations, nor in the CQO stretch
vibration (1602 cm1) between 20–70 1C, indicating that no
changes in the molecular packing occurred in this temperature
interval. In addition, the position of the CH2-deformation
band can be used to assess the organization of the hydro-
carbon chains. Gauche conformations give rise to a band at
low wavenumbers (B1463 cm1), whereas a highly packed
all-trans state leads to a vibration at 1471 cm1. The observed
position of the deformation band (1471 cm1) indeed
indicated an all-trans conformation, which upon heating to
70 1C showed no shift to lower wavenumbers. Only above
70 1C a broadening of the signals was observed. This was
attributed to the melting of the alkyl chain segment and
concomitant dissolution of the ribbons, in agreement with
the results from DSC, implying that the hydrophobic forces
play an essential role in the stabilization of the aggregates.
As VT-FTIR indicated, no signiﬁcant changes in the
hydrogen bonding interactions within the ribbons occurred
upon increasing the temperature. The diﬀerences in aggregate
morphology found at diﬀerent growth temperatures were
therefore tentatively attributed to kinetic eﬀects associated
with changes in supersaturation level.
In order to generate the 2D crystal-like morphology also
using concentration and verify this hypothesis, fresh samples
were prepared at room temperature with lower surfactant
concentrations as in Fig. 1 ([1] = 0.05 and 0.1 mg ml1).
Conventional TEM revealed the formation of faceted aggre-
gates with shorter lengths for those grown at 0.05 mg ml1
compared to those formed at 0.1 mg ml1 (Fig. 2B and D).
This shows that the aggregate morphology can be changed in
the same fashion using both temperature and concentration
supporting the idea that this eﬀect is driven by the super-
saturation rather than by the H-bonding strength, which is
only controlled by temperature.
The strong H-bonds are responsible for the high growth rate
in the length direction. Apart from the hydrophobic inter-
actions an extra H-bond can be formed in this direction and
this direction is therefore likely to grow faster, since the other
directions are only stabilized by hydrophobic interactions
alone. In crystal growth, facets will disappear in the fastest
growth direction and only the slowest growing crystal planes
will determine the ﬁnal morphology. Reducing the super-
saturation to such an extent that the crystal-like morphology
dominates is apparently suﬃcient to show faceted growth even
in the length direction causing the 2D crystal-like morphology.
However, when the supersaturation is increased the growing
speed in the fastest growth direction is most aﬀected causing
disappearance of the facets, roughening eﬀects (Fig. 3) and
transport limited growth, like in 3D crystal growth (see ESIw).
In summary we have demonstrated that bis-urea amphiphile
1 assembles in bilayer aggregates of which the morphology
and aspect ratio can be controlled through variation of the
supersaturation at which they are formed, by means of the
temperature and concentration of the solution. By increasing
the surfactant concentration an elongation of the aggregates
was observed combined with a switch from a ribbon-like
appearance at high supersaturation to a 2D crystal-like
appearance at low supersaturation levels of the aggregates.
By inﬂuencing the kinetics of the growth process we were able
to select the morphology of the aggregates.
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